Plasticity of representational maps in adult cerebral cortex has been documented in both sensory and motor cortex, but the anatomical basis for cortical plasticity remains poorly understood. To investigate horizontal connectivity in primary motor cortex (M1) as a putative anatomical substrate for short-term, functional plasticity of adult motor cortical representations, a combination of electrical stimulation and biocytin labeling was used to examine pre-existing patterns of intrinsic connections in adult rat M1 in relationship to the pattern of reorganization of the motor movement map induced by transection of the contralateral facial nerve. Two hours after nerve cut, small, circumscribed regions of the forelimb representation expanded medially into territory previously devoted to the vibrissae representation. Outside of this novel, expanded forelimb region, no forelimb movement could be evoked from the former vibrissae representation at any time over the period of hours tested, thus representing silent cortex. Injections placed into vibrissae cortex representing the newly expanded forelimb representation gave rise to labeled axons and dense terminal fiber labeling which crossed the forelimb/vibrissae border and extended up to 1.2 mm within the low-threshold forelimb representation. In contrast, injections placed into silent vibrissae cortex gave rise to labeled axons and terminal boutons which remained mostly restricted to the original vibrissae representation, with only sparse projections that crossed into the low-threshold forelimb representation. Thus, these results suggest that the extent of short-term, functional reorganization of M1 induced within the first several hours following peripheral nerve cut is mediated, and constrained, by an anatomical framework of pre-existing, horizontal projections which traverse representation borders.
Representational maps in the adult cerebral cortex are dynamic and capable of significant functional reorganization. In somatosensory (Rasmusson, 1982; Merzenich et al., 1983a,b; Wall et al., 1986; Tweedale, 1988, 1991; Clark et al., 1988; Cusick et al., 1990; Jenkins et al., 1990; Allard et al., 1991; Garraghty and Kaas, 1991b; Pons et al., 1991; Recanzone et al., 1992) , visual (Kaas et al., 1990; Heinen and Skavenski, 1991; Chino et al., 1992; Gilbert and Wiesel, 1992; Darian-Smith and Gilbert, 1995) and auditory cortex (Robertson and Irvine, 1989; Rajan et al., 1993) , for example, manipulations at the periphery resulting in deficient or enhanced sensory afferent activity lead to corresponding, activity-dependent changes in the functional topography of the fine-grain cortical representation of the sensory surface.
The capacity for dynamic modulation of representational maps is not limited to sensory neocortex, but is also readily evident in the motor maps of adult primary motor cortex (M1). Here, as in sensory cortex, reorganization of the functional topography of adult cortical motor output maps can be induced both by invasive manipulations, such as peripheral nerve lesion (Sanes et al., 1988 Donoghue et al., 1990) , limb amputation (Cohen et al., 1991; Brasil-Neto et al., 1993; Kew et al., 1994) , long-term electrical stimulation (Nudo et al., 1990) or experimentally induced focal ischemic infarcts , and by non-invasive manipulations, such as adjustments of limb position (Sanes et al., 1992) , or behaviorally relevant experience, such as motor skill learning (Jenkins et al., 1994; Karni et al., 1995; . Such experimentally or behaviorally induced reorganization of M1 output maps is, in general, characterized by shifts in the borders between motor representations, as the relative sizes of the cortical areas representing individual muscles or movements enlarge or contract. Elucidating the anatomical and functional basis of these kinds of changes in functional topography is thus critical for understanding the neural processes which presumbly underlie learning, memory and compensatory responses to injury.
Studies of the relevant mechanisms and connections underlying plasticity of representational maps have focused largely on the visual and somatosensory systems. The consensus from many studies is that in these areas, activity-dependent representational plasticity could arise by some combination of 'unmasking' of widespread, but normally subthreshold connec-tivity and/or the formation of new functional connections through axonal sprouting (Kaas et al., 1983) , but the particular connections involved and the locations where these putative mechanisms occur may vary depending on the system. For example, retinal lesion-induced reorganization of primary visual cortex (V1) appears to be dependent on an initial unmasking of latent, horizontally oriented axon collaterals of intrinsic V1 neurons (Das and Gilbert, 1995) and subsequent axonal sprouting of such intracortical connections (Darian-Smith and Gilbert, 1994) , with little or no evidence for any reorganization within the lateral geniculate nucleus or significant unmasking of geniculocortical inputs which could account for the extent of V1 reorganization, even over long-term periods (Darian-Smith and Gilbert, 1995) . In contrast, the basis for short-term plasticity of primary somatosensory cortex (S1) has focused on an unmasking of widespread intracortical terminations of thalamocortical axons (Kaas et al., 1983; Garraghty and Sur, 1990; Rausell and Jones, 1995) , but changes in spinal, brainstem and thalamic relay nuclei may also contribute to both short-and long-term changes to S1 as well (Devor and Wall, 1978; Wells and Tripp, 1987; Garraghty and Kaas, 1991a; Pettit and Schwark, 1993) . The role of intrinsic connections in plasticity of S1, if any, remains mostly unexplored, although callosal connections may also be involved (Clarey et al., 1996) .
It has been proposed that in the motor cortex, horizontal axon collaterals of intrinsic pyramidal cells could also form the appropriate anatomical substrate for mediating motor map plasticity (Jacobs and Donoghue, 1991) . Such projections are suitably widespread (DeFelipe et al., 1986; Huntley and Jones, 1991; Weiss and Keller, 1994) and, in vitro, exhibit activity-dependent modifications of synaptic strength which would be appropriate for maintaining long-lasting changes in the motor map Keller, 1993, 1995; CastroAlamancos et al., 1995; . In addition, focal blockade of GABA-A receptor-mediated inhibition rapidly induces new motor output maps, which has been interpreted as an unmasking of widespread, subthreshold excitatory horizontal connectivity (Jacobs and Donoghue, 1991; Hess and Donoghue, 1994) . Although a relatively large body of evidence has accumulated suggesting potential synaptic mechanisms in which horizontal connections could play a role in plasticity of M1 motor maps, any definitive conclusions as to their functional role remain elusive, partly because few studies actually examine underlying connectivity and motor map plasticity directly in the same preparation. The aim of the present study, therefore, is to examine in detail precise patterns of horizontal connections in M1 in relationship to the pattern of motor map reorganization in the same preparations. This is accomplished in adult rats by labeling horizontal projections with small, extracellular injections of the anterograde tracer biocytin following the induction of motor map plasticity using a previously described, well-characterized paradigm in which unilateral transection of the buccal and mandibular branches of the facial nerve, which provide the motor innervation of the whisker pad (Semba and Egger, 1986) , leads within hours to a medial expansion of parts of the contralateral M1 forelimb representation into the adjacent, former vibrissae representation (Sanes et al., 1988; Donoghue et al., 1990) .
Materials and Methods

Animal Preparation
This study was conducted on the left, primary motor cortices of 19 adult albino rats of both sexes (Sprague-Dawley; 280-450 g). This region of motor cortex corresponds cytoarchitectonically to the lateral agranular field (AGl) (for review see Wise and Donoghue, 1986) . Animals were lightly anesthetized with a mixture of ketamine HCl (40 mg/kg, i.m.) and xylazine (8 mg/kg, i.m.) and placed into a Kopf stereotaxic instrument. The left M1 of each animal was exposed under aseptic conditions by ref lecting a large bone f lap, the midpoint of which was approximately at the level of bregma. To protect the brain, the dura was left intact and kept moist with warmed mineral oil. Supplemental doses of anesthetic were administered as necessary throughout the experiment to suppress the hindlimb withdrawal ref lex. Body temperature was monitored with a rectal thermometer and maintained at 36-38°C with a heat-lamp.
Intracortical Microstimulation (ICMS) and Determination of Movement Representations
The output organization of M1 was determined by observing evoked movements. Movements of the contralateral musculature were elicited using electrical stimulation techniques similar to those described in detail previously (Huntley and Jones, 1991) . Brief ly, current trains (11 cathodal pulses, 0.2 ms duration at 330 Hz) were passed every 2 s through a tungsten microelectrode (impedance 1-1.5 MΩ at 1 kHz) inserted perpendicularly into the cortex to approximately the depth of layer V (1.4-1.8 mm from the pial surface). The laminar positions of the electrode were subsequently confirmed histologically. A drawing was made of the surface, including the surface vasculature, and the evoked movement was noted and the coordinates of each penetration were recorded from the micromanipulator and plotted onto the drawing, using bregma as the reference point (0,0). Penetrations were spaced in a grid pattern, each ∼250-500 µm apart, with deviations and the longer distances of the range necessary to avoid surface vasculature. At each site, an initial current intensity of 60 µA was used to evoke movement or muscle twitches, which were observed by visual inspection or muscle palpation. The current intensity was then progressively lowered until current threshold was reached, defined as the current level at which approximately one-half of the current trains elicited movement or muscle twitches. If no movement or twitches were evoked with 60 µA, the site was recorded as negative. Stimulating current was mostly kept at or below 60 µA to prevent excessive damage (Asanuma and Arnold, 1975) , with the exception of occasional testing at 100 µA to reveal possible higher-threshold representations. Movement of the digits, or about the wrist, elbow and shoulder, were collectively termed forelimb movements, and this term will hereafter be used with no additional distinction made between movements about individual forelimb joints. In order to minimize any changes in cortical map organization resulting from changes in limb position (Sanes et al., 1992) , the contralateral forelimb was propped approximately half-way between f lexion and extension, and maintained in this position with modeling clay throughout the duration of the experiment. Only the forelimb and vibrissae representations were mapped in detail; representations of other body parts were occasionally elicited during the course of mapping the full extent of forelimb and vibrissae regions, but were then skipped to avoid unnecessary damage.
Unilateral Facial Nerve Cut
Following completion of the initial mapping of the forelimb and vibrissae representations, the contralateral buccal and mandibular branches of the facial (VII) nerve were exposed near their emergence from underneath the parotid gland while the animal remained in the stereotaxic instrument. From each of the ner ve branches, a 1 mm segment was removed and, in some cases, the nerve stumps were ligated with silk suture. The fascia and skin were sutured. No spontaneous or evoked movements of the corresponding vibrissae were obser ved following nerve cut.
Determination of Movement Representations Following Nerve Cut
Two hours after facial nerve cut, the left motor cortex was re-mapped using the drawing made initially to guide subsequent microelectrode penetrations. In some cases, the microelectrode was reinserted into tracks made previously during the first mapping, while in other cases the microelectrode was inserted into new spots adjacent to previous tracks. Electrical stimulation and determination of evoked movements or twitches proceeded as described above. Although a comprehensive study of the time-course and stability of the post nerve-cut maps was not the principal objective of this study, individual sites were re-tested multiple times over the 3-4 h period of re-mapping to monitor potential f luctuations in output.
Injection of Anterograde Tracer and Histology
Following the completion of the second mapping, a single, small iontophoretic injection of the anterograde axonal tracer biocytin-HCl (Sigma; 4% in normal saline, 4 µA positive current for 3-5 min, 50% duty cycle) was delivered through a glass pipette (tip diameter 10-12 µm) lowered into the cortex to a depth of 1 mm. In most cases the pipette was reinserted into a previously made track; in some cases a new site was selected in order to control for potential damage to neuronal transport of tracer caused by prior current stimulation. The bone f lap was replaced, and the muscle, fascia and skin sutured. Animals were returned to their cages and monitored until full recovery. Following a 12-16 h transport time, animals were deeply anesthetized and perfused transcardially first for 1 min with cold 1% paraformaldehyde made in 0.1 M phosphatebuffered saline (PBS; pH 7.4), followed by 10 min of a mixture of cold 4% paraformaldehyde and 0.125% glutaraldehyde in PBS. Following cryoprotection in 30% sucrose, blocks containing M1 were frozen or, for the majority of blocks, f lattened between glass slides while freezing on dry ice. These latter blocks were cut on a freezing microtome in a plane parallel to the pial surface (hereafter called horizontal sections); all other blocks were cut in the frontal plane. From all blocks, two series of serial, 50-µm-thick sections were cut on a freezing microtome. The first was stained with thionin; the second was processed to visualize biocytin. Sections were incubated at room temperature for 24-48 h in PBS containing 0.25% Triton X-100 and avidin-biotin-conjugated horseradish peroxidase (Vectastain Elite Kit, Vector Laboratories). After washing, labeling was visualized by incubating sections in 0.05% DA B with hydrogen peroxide and intensified either with 0.1% nickel added to the DA B solution or, following the DA B reaction, with 0.2% osmium tetroxide. Sections were mounted on gelatin-subbed slides and coverslipped. Selected biocytin-processed sections were subsequently counterstained with thionin for determination of laminar boundaries.
Data Analysis
All sections were analyzed on a Zeiss Axiophot photomicroscope interfaced via an Optronix color video camera to a Macintosh Quadra 840-AV microcomputer containing data analysis and morphometry software (NeuroZoom). Microscope images of individual biocytinprocessed or thionin-stained sections were exported and visualized on-line on the computer, and the positions of electrode penetrations, laminar boundaries, the injection site, anterogradely labeled axons and boutons, blood vessels and section outlines were plotted using computer-generated graphics to yield a comprehensive map of each section. Computer-generated maps of each section were stored as PICT files, then exported to Adobe Illustrator. For sections cut in the horizontal plane, a variable number of maps of individual sections were stacked, using section outlines, electrode tracks and other landmarks to precisely align the overlay, to yield final maps showing pia-to-white matter composites of anterograde labeling, injection site, electrode positions and section outlines. The movement obtained at each electrode position (both before and after nerve cut) was correlated with the composite maps by comparison with the drawing made during the ICMS-mapping. Low-threshold maps were made by enclosing zones of common evoked movement (forelimb or vibrissae). Borders separating zones of different movements were defined as the midpoint between any two electrode penetrations from which movements of different body parts were elicited, or from which a movement was elicited from one while the other was a negative site for eliciting movement at the highest current intensity used (see above). Borders were drawn through a penetration where movements of two different body parts were elicited simultaneously (within ±2 µA of threshold current levels). Such penetrations from which two movements were elicited at similar thresholds are defined as dual movement sites. A series of paired Student's t-tests was used to evaluate statistically significant differences in current thresholds prior to and following VII nerve lesion.
To provide a pseudo-quantitative measure of the horizontal projections which crossed into the forelimb representation, NeuroZoom software was used to calculate lengths of labeled axon segments which were contained within defined movement representations. From the composite maps of all sections for each animal, two computer-generated boundaries were drawn, one of which overlaid the perimeter of the forelimb representation only, the other overlaying the perimeter of both the forelimb and the vibrissae representations (i.e. as if one representation). From each of these two boundary-delineated regions, the summed length of the individual axon segments which were contained within them was calculated for each section, and the values across sections combined for each animal. The summed length of the labeled axon segments contained within the forelimb representation was then divided by the summed length of the total labeled axons (forelimb plus vibrissae) and multiplied by 100 to yield a percentage of the total labeled axon length which was present within the forelimb representation.
Controls
The stability of the cortical forelimb and vibrissae representations, particularly the border region, was evaluated in a series of sham-operated rats (n = 3). An initial map of the forelimb and vibrissae representations was made, then the skin and fascia overlying the facial nerve was opened, but the facial nerve was not transected. Throughout the experiment, the position of the forelimb was immobilized as described above. Starting 2 h after the incision, two additional post-nerve cut maps were then made, separated by 2 h, and compared with that obtained prior to the sham incision.
Results
The experimental design of the present study was based on the following sequence: (i) an initial movement map of M1 was determined using ICMS; (ii) the contralateral facial nerve was cut and the anesthetized animal maintained for 2 h -a time-course based on maximal effects of motor cortex reorganization induced by these methods as reported previously Sanes et al., 1990) ; (iii) the extent of reorganization of the forelimb/vibrissae border region in M1 was determined by making additional, post nerve-cut movement maps; and (iv) a single injection of biocytin was placed into a border region of vibrissae cortex at a site determined by the pre-and post-nerve cut movement maps.
Normal Output Organization of Rat M1
The output organization of adult rat M1 revealed by electrical stimulation techniques has been the detailed subject of earlier reports (Hall and Lindholm, 1974; Donoghue and Wise, 1982; Sanderson et al., 1984; Gioanni and Lamarche, 1985; Neafsey et al., 1986; Sanes et al., 1990; Weiss and Keller, 1994) . Here, only some details of the normal forelimb/vibrissae representations are reported as this ser ves as the point of reference for the experimental manipulation described below.
A total of 624 microelectrode penetrations were made into the left frontal cortices of 19 hemispheres. Of these, 291 (46.6%) elicited contralateral forelimb movement; 205 (32.9%) elicited contralateral vibrissae movement; and 28 (4.5%) yielded movements of both forelimb and vibrissae. The remaining sites were either negative or elicited movement of other body parts; the representations of these were not investigated further. No ipsilateral forelimb or vibrissae movements were evoked. In general, the forelimb and vibrissae movement regions were organized somatotopically, with the forelimb representation forming an antero-posteriorally elongated strip located lateral to the adjacent, medially situated strip representing vibrissae movements ( Fig. 1 ). There was, however, individual variation in the overall size and configuration of the forelimb and vibrissae representations ( Fig. 1) .
Vibrissae movements evoked at threshold current levels [26.7 ± 1.1 µA (mean ± SEM)] typically elicited movement of two to three whiskers only, while higher current intensities usually elicited movement of all or most whiskers. Threshold movement of a single whisker was rare, but observed occasionally. There was no further attempt to verify any somatotopic organization to the distribution of evoked vibrissae movements as has been reported previously (Izraeli and Porter, 1995) . Likewise, forelimb movement evoked at threshold levels (23.6 ± 1.1 µA) was usually restricted to a single joint (most often the wrist), but was typically more vigorous at higher stimulus intensities, where the evoked movement could often involve several forelimb joints.
The antero-posteriorally oriented border between the vibrissae and forelimb representations was variable in configuration. In some cases, the border formed a relatively straight line, approximately parallel to the midline, while in other cases it undulated medially and laterally to different extents (Fig. 1) . Stimulation at the vast majority of the penetrations forming the forelimb/vibrissae border region at or below the highest current intensities used (60 µA) elicited movement of only the forelimb or the vibrissae, but not both, even at penetrations spaced as little as 250-300 µm apart (e.g. Figs 1 and 3 ). Very few penetrations yielded dual forelimb/vibrissae movements, but these were single sites -by definition directly on the border -and were not found at any additional locations medially or laterally from the defined border (Fig. 1) . About half of such dual-movement sites were located along stretches of the border which subsequently shifted following nerve cut, the other half being located along border regions which did not shift (see the electrode penetrations in Fig. 1D for a representative example). Thus, a relatively sharply delineated border was usually evident by the methods and stabilized forelimb positioning used. It should be emphasized that prior to nerve cut, stimulation at the highest current levels used (60 µA) failed to elicit dual forelimb/vibrissae movements from within the vibrissae cortex which following nerve cut reorganized into forelimb cortex.
Changes in Output Organization of Rat M1 Following Facial Nerve cut
Two hours after transection of the right VII nerve, the left motor cortices were remapped (Fig. 1) . In all cases, no contralateral vibrissae movement could be evoked from any M1 site subsequent to the nerve transection. Occasionally, however, some weak ipsilateral vibrissae movement could be elicited from some sites within the vibrissae representation, although at relatively high thresholds (e.g. 50-60 µA).
Forelimb movements could be elicited from each of the previous forelimb sites which collectively formed the lowthreshold forelimb representation defined by the first mapping.
Comparisons of the mean current thresholds for evoking forelimb movements from the low-threshold forelimb representation before and after nerve cut revealed that there were no significant differences in thresholds (paired Student's t-tests; Fig. 2) .
Forelimb movement could also be evoked from some sites which, prior to ner ve cut, elicited only vibrissae movement, yielding a novel, circumscribed region of forelimb representation located within the former vibrissae representation (Fig. 1) . Thus, part of the border enclosing the region from which forelimb movements could be evoked shifted medially into the former vibrissae representation. In each of the animals examined, the forelimb border shifted medially ∼0.5-1.2 mm, and affected only a limited extent (1-2 mm) of the original forelimb/vibrissae border (Fig. 1) . In some cases, the shifted region occupied more rostral portions of the former vibrissae representation (Fig. 1A-C) , while in other cases the shifted zone was located more posteriorally (Fig. 1D) . In no animal examined did the entire forelimb border shift medially. The type and relative strength of forelimb movement evoked from such novel sites appeared qualitatively similar to that evoked from the low-threshold forelimb representation. However, the mean current thresholds for evoking novel forelimb movement from sites located within the former vibrissae representation were significantly higher (37.4 ± 1.8 µA) than those obtained from the low-threshold forelimb representation prior to nerve cut (paired Student's t-tests; Fig. 2 ). Although the majority of such sites consistently produced novel forelimb movement at each of several times tested, occasional sites located at the medial-most fringes of the expanded forelimb regions failed to produce forelimb movement at some of the time-points tested. The time-course of such relative instability was not pursued further, however, since the primary objective was to identify a principal, core region from which novel forelimb activity could be elicited from the former vibrissae cortex.
Outside of the shifted forelimb region, electrical stimulation of remaining sites within the former vibrissae representation produced no detectable forelimb movement, even when testing with stimulation currents of up to 100 µA, and thus was termed 'silent' cortex (hatched regions, Fig. 1 ). Note that the term 'silent' as used here refers to the inability to evoke movement; since no electrophysiological recording was done, this term is not meant to ref lect the state of any ongoing synaptic activity. The stability of such reconfigured maps was checked occasionally by re-stimulating selected points multiple times during the 3-4 h period required for remapping, particularly those sites close to the original border. Over the period of hours in which such re-mapping was conducted, no forelimb movements could be evoked from such silent vibrissae regions at any of the times such sites were re-tested.
Results from the sham-operated animals indicated no changes in the forelimb/vibrissae movement representations over the time-period examined (data not shown), suggesting that the border shift induced by ner ve transection could not be attributed to spontaneous shifts in borders or effects due to the incision in the skin or fascia.
Basic Features of Intrinsic M1 Connections
Following the final electrical stimulation mapping, each animal received a single, small iontophoretic injection of biocytin placed in vibrissae cortex within 0.5 mm of the original forelimb border. Injection sites spanned the bottom half of layer III through layer V (Fig. 3A) , which are the principal layers which furnish horizontal projections in rat M1 (Weiss and Keller, 1994) . Typically, each injection site was ∼300 µm wide (Figs 3B, 4A and 5) and consisted of a small, solid core region surrounded by a wider halo region containing very densely distributed fragments of labeled dendrites, some labeled cell somata, fine-caliber labeled processes and dense neuropil labeling.
Outside of the halo region, labeling was confined to axons and boutons; no retrogradely labeled somata were present within the sensorimotor cortex. There were two main types of labeled axons emanating from the injection site.
The first type was thick (1-3 µm diameter) and mostly smooth, lacking any overt constrictions or varicosities suggestive of boutons de passage. When viewed in frontal sections, such axons mostly descended from the injection site, formed bundles of radial fasciculi and entered the white matter. Here they would continue as fascicles through the internal capsule, deviate medially and cross the corpus callosum, or turn laterally, forming a stratum of corticocortical axons traversing the layer VI/white matter border and continuing towards granular (S1) cortex (these data not shown). Smaller numbers of such thick, smooth axons emerged from the injection sites tangentially or obliquely (curved arrow, Fig. 3A) . Some of these, located in the deeper half of layer III or in layer V, were directed laterally or medially and could be followed for 1-3 mm. However, the majority, when viewed in horizontally cut sections, emerged preferentially in the anteroposterior direction and traversed primarily the deeper half of layer III and the layer V/VI border for 3-6 mm or more (Fig. 3B) . Those directed anteriorally were aimed mostly anteromedially, with some directed anterolaterally, while those directed posteriorally formed two streams, one directed posterolaterally towards S1 and the other posteromedially. In many instances, the thick axons gave rise to thinner axon branches, which emerged from their parent axon at oblique angles, and were directed towards deeper layers when viewed in frontal sections (small double arrows, Fig. 3A ), or laterally (arrows, Fig. 4B) or medially (open arrow, Fig. 7D ) when viewed in horizontal sections. Such thinner axon branches usually gave rise to boutons de passage, and often ended in a spray of terminal boutons. The thicker axons directed posteriorally were rarely observed to give rise to collateral branches within M1.
The second type of axon, and the predominant morphological type which emanated from the injection sites, was very thin (<1 µm in diameter) and gave rise immediately to closely spaced varicosities (presumably boutons de passage) as well as terminal boutons, some of which were located at the ends of small, spine-like protuberances (arrows, Fig. 3C ). Such axons initially traversed layers III and V but were not restricted to these layers, as they often turned obliquely through superficial layers to terminate in layer I, or through deeper layers to terminate in layer VI. When viewed in horizontally cut sections, such smaller, bouton-studded axons emerged in all directions but, like the thicker axons described above, were oriented predominantly in the anteroposterior dimension and traversed for similarly long distances.
Correlation Between Patterns of Horizontal Connectivity And extent of M1 Reorganization
In seven animals the biocytin injection was made in vibrissae cortex which exhibited novel forelimb movement following nerve cut (reorganized vibrissae cortex), while in the remaining nine animals the injection was made in vibrissae cortex which There are no significant differences in threshold levels between forelimb movements evoked from the low-threshold forelimb representation prior to (Before) and following (After) VII nerve cut. However, the threshold current for eliciting novel forelimb movement from the former vibrissae representation (Novel) is significantly higher in comparison (paired Student's t-tests; *P < 0.001).
did not exhibit any evoked forelimb movement activity following nerve cut (silent vibrissae cortex). Both injection locations gave rise to patterns of labeling which were largely similar, as described above. However, one overt difference in the labeling pattern between injections placed into reorganized or silent vibrissae cortex was the extent to which horizontal axons crossed from the injection site (vibrissae cortex) into the forelimb representation.
Injections placed into reorganized vibrissae cortex were characterized by numerous, horizontally oriented axon collaterals which spread laterally from the injection site, crossed into the low-threshold forelimb representation (Figs 3A, 4A and 5) and gave rise to dense terminal fiber labeling (i.e. fibers yielding terminal boutons) up to 0.8-1.5 mm from the forelimb/vibrissae border (Fig. 6) . In most cases, labeling within the low-threshold forelimb representation was not restricted to that immediately lateral to the injection site, but instead could be found densely distributed anteriorly and posteriorly from the injection site, in some cases spanning a large extent of the forelimb border region (Fig. 6) . In fortuitous planes of section in which such axons could be followed for long distances, most appeared to form boutons de passage immediately upon emanating from the injection site, where they were still located within the physiologically identified vibrissae representation, In this animal the injection (asterisk), which spans layers III-V, was placed at a vibrissae site which, after nerve cut, elicited novel forelimb movement. Note the horizontally oriented axons (straight arrows), which traverse primarily through layers III and V as they cross into the forelimb representation, denoted by the electrode track F. Some thick horizontal axons (curved arrow) give rise to thinner collateral branches (double arrows). (B) Darkfield photomicrograph of a horizontal section through M1. In this animal the injection (dotted lines; asterisk marks the electrode track) was placed into vibrissae cortex from which no movement could be elicited following nerve cut (silent vibrissae cortex). The majority of labeled axons (arrows) extend anteroposteriorally from the injection site, parallel to the forelimb/vibrissae border. Anterior is towards the top; lateral is towards the left. (C) Brightfield photomicrograph showing a segment of a biocytin-labeled axon with terminal boutons situated at the ends of small, spine-like protuberances (arrows). Abbreviations in this and subsequent figures: F, electrode site eliciting forelimb movement; V, electrode site eliciting vibrissae movement. Bars, 200 µm (A, B) ; 20 µm (C). and continued to form both boutons de passage and terminal boutons at regularly spaced intervals as they traversed the forelimb/vibrissae border and continued into the forelimb representation. In addition, many labeled axons which ran predominately anteriorally, in parallel with the forelimb/ vibrissae border, gave rise to laterally directed collaterals which extended into the low-threshold forelimb representatation (arrows, Fig. 4B ).
In contrast, injections placed into silent vibrissae cortex were characterized by many fewer horizontally oriented axon collaterals which extended into the low-threshold forelimb representation (Fig. 7A,B) , and an overall much sparser density of terminal fiber labeling within the forelimb cortex (Fig. 8) . In addition, terminal fiber labeling within the forelimb cortex was patchy, and interspersed with broad regions of forelimb border cortex, which was devoid of labeling (Fig. 8) . Nevertheless, some individual axon segments were found within the forelimb region (open arrow, Fig. 7B ) at distances from the border which were comparable to those described above (Fig. 8) . Qualitatively, however, there did not appear to be any obvious differences in the morphology or frequency of the boutons formed by the individual axon segments within the forelimb representation in comparison with those emanating from injections placed in reorganized vibrissae cortex. At distances further from the injection site, labeled axons tended to run parallel to the forelimb/vibrissae border and mostly avoided crossing into the forelimb region (arrows, Fig. 7C ). In other cases, such axons gave rise to collaterals which were directed medially, back into the vibrissae representation (open arrow, Fig. 7D) .
A pseudo-quantitative estimate of the percentage of total labeled axon length which was contained within the forelimb representation was determined for each injection type (see Materials and Methods for details). For injections placed into reorganized vibrissae cortex, ∼34.7 ± 4.5% of the total length of all labeled axons arising from such injections was present within the low-threshold forelimb representation. This value was significantly greater than that obtained from injections placed into silent vibrissae cortex (13.7 ± 2.7%), confirming the qualitative impressions of an asymmetry in the patterns of cross-border horizontal projections.
Discussion
The purpose of the present study was to investigate intrinsic horizontal connectivity in M1 as a putative anatomical substrate for short-term, functional plasticity of adult motor cortical representations. Advantage was taken of a previously described and well-characterized paradigm for inducing motor map plasticity in adult rat M1 by peripheral nerve transection (Sanes et al., 1988; Donoghue et al., 1990) , followed by a single injection of biocytin into selected parts of vibrissae cortex to correlate underlying patterns of horizontal M1 projections with . Surface-view composite maps of two representative animals summarizing the pattern of extensive cross-border connectivity following a biocytin injection (black circle) into the expanded forelimb representation following nerve cut. These maps were generated by overlaying a series of individual pia-to-white matter sections (see Materials and Methods). The stippling represents terminal fiber labeling. Other conventions are as in Figure 1. the pattern of M1 reorganization. The principal finding of this study is that injections placed into regions of vibrissae cortex which, after nerve cut, acquired novel forelimb movement activity gave rise to labeled axons and dense terminal fiber labeling which crossed the forelimb/vibrissae border and extended up to 1.2 mm within the forelimb representation. In contrast, injections placed into vibrissae cortex from which no forelimb movement could be evoked following nerve cut (silent cortex) gave rise to labeled axons and terminal boutons which remained mostly restricted to the vibrissae representation, with only sparse projections that crossed into the forelimb representation. Thus, these results suggest that the extent of short-term, functional reorganization of M1 induced within the first few hours after peripheral nerve cut is mediated, and constrained, by an anatomical framework of pre-existing horizontal projections which traverse representation borders.
Motor Cortex Output Organization in Comparison with Earlier Studies
The electrical stimulation techniques and anesthetics used in the present study were largely similar to those used previously to examine the functional organization of rat M1 and, accordingly, the general topographical features of output organization of the forelimb and vibrissae representations, the types of movements evoked and the range of current thresholds for evoking movements under the pre-nerve cut conditions were consistent with more the detailed descriptions in earlier reports (Hall and Lindholm, 1974 1984; Gioanni and Lamarche, 1985; Neafsey et al., 1986; Weiss and Keller, 1994) . Although current spread is a potentially confounding problem associated with ICMS (Asanuma and Arnold, 1975) , it was limited over the range of threshold currents used since small displacements of the microelectrode (∼250-300 µm) often produced a new, single type of movement. It is possible that in the instances where dual movements were evoked, one of the movements arose through activation of more remotely located output neurons by current spread. This is unlikely, however, since the dual movements were evoked at similar or identical thresholds. Deleterious effects of electrical stimulation (Asanuma and Arnold, 1975) were also likely to be minimal, since the types and thresholds of forelimb movements evoked at single forelimb sites were consistent over the extended period of pre-and post-nerve cut mapping, which would not be expected if significant damage to the integrity of the relevant output neurons was occurring.
The general pattern and extent of reorganization of M1 representations induced by facial ner ve transection was also largely consistent with the original, more detailed studies of Sanes, Donoghue and collaborators (Sanes et al., 1988; Donoghue et al., 1990) , despite differences in the methodologies used to assess motor output. In these earlier studies, the output organization of M1 following nerve transection was assessed principally by recording electromyographic (EMG) activity from a select set of forelimb muscles evoked by stimulation at a limited number of test sites, while in contrast, the present study relied on visual inspection of movements or muscle twitches evoked by more extensive mapping of multiple sites within the vibrissae/forelimb cortex. Recording of EMG activity can reveal functional linkages which do not produce overt movement, which can arise, for example, by co-activation of antagonistic muscle groups (Humphrey and Reed, 1983 ). Thus, it is possible that the methods used in the present study were insufficient for detecting forelimb muscle activity within the silent vibrissae cortex because it was subthreshold for producing overt forelimb movement. Donoghue et al. (1990) also reported some f luctuation over time in the magnitude of forelimb EMG activity evoked from single sites within the former vibrissae representation. Although not directly measured in the present study, it is likely that some f luctuation in the forelimb EMG activity was present but undetected, despite a remarkable consistency in the occurrence and form of output elicited. For example, although a rigorous study of the stability of the maps over time was not conducted in this initial study, most sites eliciting novel forelimb movement did so each time that site was tested, with a few exceptions near the medial-most fringes of the expanded forelimb representation. Similarly, sites from which no forelimb activity could be evoked following nerve cut remained silent at each point tested over the period of hours examined. In addition, although there did not appear to be any overt differences in the type or strength of the movements evoked over the time tested, the threshold currents were significantly higher. These data are consistent with an 'unmasking' of latent connections (discussed below), one possible effect of which -although speculativemay be to contribute to the kinds of f luctuations in EMG activity reported by Donoghue et al. (1990) , as synaptic strengths continously readjust over time. This possibility may also explain the f luctuations evident at the fringes of the expanded forelimb region, since such sites are located the furthest from the forelimb/vibrissae border and therefore may also have relatively fewer axons which reach or actually cross the forelimb border.
Novel forelimb activity can also be induced within the vibrissae cortex by changing the relative positioning of the forelimb (Sanes et al., 1992) . It remains unknown, however, how the overall spatial features of the forelimb/vibrissae representations change following adjustments of forelimb position, and whether or not regions induced to reorganize following forelimb manipulation correspond to regions induced to reorganize following facial nerve transection. In order to reduce potentially confounding effects on the motor map due to different mechanisms, the forelimb position was held constant in the present study. However, future studies are directed towards comparing the effects of these two different types of manipulations in relationship to the patterns of connectivity described.
Mechanisms Involving Horizontal Connectivity in Short-term Plasticity of M1
The observation in the present study that the forelimb border shifted into vibrissae cortex only where there existed extensive, cross-border horizontal connectivity and was restricted (at least in the short-term period examined) from those regions mostly lacking such connections strongly supports prior suggestions that horizontal connectivity in M1 is a major anatomical substrate through which the functional topography of motor representations can change (Jacobs and Donoghue, 1991) . Additionally, the data from the present study extend this idea by suggesting that the pattern of pre-existing anatomical connections imparts limitations to the overall spatial extent to which rapid reorganization of movement representations can be induced. These conclusions do not necessarily preclude the involvement of additional pathways or structures in plasticity resulting from peripheral nerve lesions. There is ample evidence in M1, for example, that thalamocortical and interareal corticocortical synapses exhibit activity-dependent modifications of synaptic efficacy under the appropriate conditions (Iriki et al., 1989 (Iriki et al., , 1991 Mefteh and Rispal-Padel, 1994) , and in the somatosensory system peripheral dener vation can lead to functional reorganization of brainstem and thalamic relay nuclei in addition to changes which may be intrinsic to S1 (Garraghty and Kaas, 1991a; Pettit and Schwark, 1993) . Nevertheless, the anatomical arrangement of horizontal connectivity and its close correlation with the location of the forelimb border shift into vibrissae cortex suggests that at least the initial changes in M1 organization induced by peripheral nerve lesion involve an unmasking of pre-existing but normally subthreshold horizontal connections. Horizontal connectivity in rat M1 arises from both layers II/III and V (present study; Aroniadou and Keller, 1993; Hess and Donoghue, 1994; Weiss and Keller, 1994) , which suggests that the unmasking of one or both sets of laminar projections could be involved in mediating the forelimb border shift obser ved. Since electrical stimulation was restricted to layer V, it is likely that at least the long-range layer V projections may be involved. Regardless, the possibility of unmasking latent connectivity is consistent with the observation in the present study that the thresholds for evoking novel forelimb movements from former vibrissae cortex were higher than those obtained from the low-threshold forelimb region. Although the unmasking of subthreshold horizontal connectivity as a mechanism involved in nerve cut-induced M1 plasticity is speculative, such a mechanism as a basis for cortical plasticity has been demonstrated more directly in cat visual cortex (Das and Gilbert, 1995) , and the unmasking of normally suppressed, widely divergent thalamocortical inputs to area 3b has been suggested as one mechanism leading to activity-dependent changes in the cortical representational map in monkey S1 (Kaas et al., 1983; Garraghty and Sur, 1990; Rausell and Jones, 1995) .
There is good evidence that some of the circuit elements which could play a role in unmasking horizontal or other connections involve GABAergic inhibition. Suppression of GABA A receptor-mediated inhibition by focal application of bicuculline to the cortex leads to rapid expansions in the size and location of somatosensory receptive fields in S1 (Alloway and Burton, 1991) . Similarly, in M1, focal cortical application of bicuculline leads to relatively immediate changes in the output map in rats (Jacobs and Donoghue, 1991) , and changes the functional properties of monkey motor cortical neurons (Matsumura et al., 1992) . Peripheral manipulations which change activity levels of somatic sensory or visual inputs can lead to rapid neurochemical changes in cortical neurons measured by immunocytochemical or in situ hybridization methods, including changes in GABA or GAD (Hendry and Jones, 1986; Hendry and Jones, 1988; Benson et al., 1991; Garraghty et al., 1991) , neuropeptides and calcium-binding proteins (Hendry et al., 1988; Benson et al., 1994; Carder et al., 1996) , as well as GABA A receptors (Hendry et al., 1990; Huntsman et al., 1994) . Conjecturally, therefore, it is possible that similar changes in GABAergic inhibition are occurring in M1 as a result of facial ner ve lesion which, in turn, lead to unmasking of latent connectivity.
It is not clear what the initial cue for M1 reorganization resulting from facial nerve lesion is, nor is the route through which such changes would be imparted upon M1 known. The simplest explanation remains altered somatosensory feedback from vibrissae musculature, since sensory feedback from the forelimb has been shown to play a role in shaping motor cortex output (Gellhorn and Hyde, 1953; Sanes et al., 1992 ). Such sensory feedback could then be relayed from S1 to M1 through the extensive corticocortical connectivity which links these areas (Izraeli and Porter, 1995) , although the precise role of S1 in peripheral nerve lesion-induced M1 plasticity, if any, is unknown.
Short-term versus Long-term Changes in M1 Organization Induced by Peripheral Nerve Lesion
The pattern of reorganization in vibrissae cortex described in the present study represents changes detected over the short-term period of hours, and thus is a relatively initial response to peripheral nerve lesion. Facial nerve lesion induces changes in the functional organization of M1 which persist much longer than the time-course of hours examined here, but the pattern and characteristics of long-term reorganization differ from the changes described here. At longer time-intervals between nerve lesion and mapping (weeks to months), both the forelimb representation and the eye/eyelid representation expand significantly, with no apparent silent area . These data suggest that there may be several phases of M1 reorganization which occur following nerve lesion: an initial expansion which, as described above, may conform precisely to the unmasking of pre-existing, cross-border horizontal connections, and a secondary, longer-term change in which any 'silent' area gradually assumes other representations. The observation that there may be several phases of reorganization of M1 circuits with distinct temporal and spatial characteristics is similar to that observed for the reorganization of the somatic sensory cortex of monkeys (Merzenich et al., 1983b) or for visual cortex of cats and monkeys (Hirsch and Gilbert, 1993; Darian-Smith and Gilbert, 1995) following partial peripheral dener vation, and it suggests that there may be additional mechanisms at play. Axonal sprouting is a component of the long-term changes in cat V1 induced by restricted retinal lesions (Darian-Smith and Gilbert, 1994) , and synaptogenesis has been demonstrated in cat motor cortex following long-term thalamic stimulation (Keller et al., 1992) . Thus it is feasible that differences between the short-and long-term characteristics of M1 reorganization arise from the formation of new, functional afferent and/or intrinsic connections in M1 over long-term periods, but this mechanism is probably unlikely to contribute to the relatively immediate expansions described here.
Another difference between the short-and long-term changes in M1 reorganization following nerve cut is that the thresholds for evoking forelimb movements from the expanded forelimb representation after long-term reorganization are lower than those obtained from the forelimb region of non-lesioned rats . This differs from the present study, in that movement thresholds from the reorganized cortex were higher than those from the pre-lesioned, low-threshold forelimb region. These data may imply that longer-term changes in M1 reorganization involve gradual increases in the synaptic efficacy of M1 connections, although certainly such mechanisms may also play a role in short-term changes as well. The ability to alter synaptic efficacy of motor cortex circuits through long-term potentiation (LTP) or long-term depression (LTD) has been established (e.g. Iriki et al., 1989; Aroniadou and Keller, 1993; , and it appears likely that such changes are NMDA receptor-dependent (Aroniadou and Keller, 1995; Castro-Alamancos et al., 1995; . It is not known if NMDA receptor-dependent changes in synaptic efficacy play a role in M1 plasticity, but recent studies of monkey S1 suggest that long-term reorganization normally induced by partial peripheral dener vation is mostly blocked by systemic application of an NMDA receptor antagonist (Garraghty and Muja, 1996) . Since the acute experiments described here and previously were conducted under ketamine anesthesia, a potent non-competitive NMDA receptor antagonist (Irifune et al., 1992) , it is difficult to postulate an exclusive role for NMDA receptors in such short-term changes in M1, despite preliminary evidence that focal application of NMDA receptor antagonists to M1 blocks plasticity induced by passive forelimb movements (Qiu et al., 1990) or by facial nerve cut (Huntley et al., 1995) . Clearly, more experiments are necessary to elucidate the precise synaptic and receptor mechanisms through which M1 plasticity is mediated.
Functional Relevance to Deafferentation-induced Plasticity of Primate M1
The motor cortices of human and monkey amputees undergo a compensatory functional reorganization in which representations of remaining muscles proximal to the amputation enlarge significantly (Hall et al., 1990; Cohen et al., 1991; Kew et al., 1994; Schieber et al., 1995) . Such reorganization has been demonstrated in primate M1 both after long-term periods (months to years) and more rapidly (minutes), following transient deafferentation of limb segments, by a mechanism thought to be intracortical in origin (Brasil-Neto et al., 1993) . The time-course of such rapid changes in motor outputs from human M1 suggests that mechanisms involving unmasking of latent connectivity in a manner similar to those described above for rat M1 are responsible. The spatial extent of both long-term and more rapid compensatory reorganization in primate M1 appears to be restricted to changes occurring within the cortical representation of the affected limb, seemingly without involvement of neighboring representations of different body parts (Hall et al., 1990; Cohen et al., 1991; Kew et al., 1994) . For example, electrical stimulation mapping in a long-term monkey amputee revealed that in M1 contralateral to the partially amputated forearm an enlarged representation of remaining shoulder stump muscles occupied the full extent of the forelimb representation, with no expansions of adjacent face or leg representations impinging into territory normally occupied by the forelimb representation (Schieber et al., 1995) . Interestingly, such spatial patterns of reorganization appear to mirror patterns of pre-existing horizontal connectivity, and in this respect are similar to the observations in the present study for short-term plasticity of rat M1. Within the forelimb representation of macaque monkey M1 widespread horizontal projections extensively interconnect movement representations of the digits, wrist, elbow and shoulder, but there is little or no interconnectivity evident between the forelimb and the laterally adjacent representation of the face (Huntley and Jones, 1991) . These data support previous suggestions that the basic topography of horizontal connectivity may impose some fundamental limitations to the extent of reorganization in some cortical areas independent of the mechanism or, in some cases, the time-course involved (Darian-Smith and . The rodent model used in the present study should be an ideal one for elucidating further the anatomical and functional basis for motor cortex plasticity.
Notes
